We propose another method for domain wall ͑DW͒ movement in nanowire geometry. We find that a DW moves to an energy minimum position in order to minimize the Zeeman energy under a nonuniform transverse magnetic field. DW dynamics under a spatially nonuniform transverse magnetic field has been investigated by means of micromagnetic simulations. The nonuniform transverse magnetic field driven DW motion has a superior nature which includes a rigidity of the domain structure during the movement of the DWs in addition to all of the advantages of conventional field driven DW movement. The direction of the DW movement only depends on the magnetization direction inside of the DW itself, not on the one of the domains. Therefore, it is possible to achieve field driven DW motion with rigid domain structures. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2912521͔
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Since the discovery of the spin transfer torque, 1-6 we have an additional way to the old fashioned field driven domain wall movement ͑FDDWM͒ for control of the domain walls ͑DWs͒. 7, 8 The additional way is the so called current induced DW movement ͑CIDWM͒ in the nanowire. Because the motion of the DW only depends on the direction of the current in the CIDWM, a domain movement can be achieved in principle. Such rigidity of the domain stimulates the possibility of mobile nonvolatile memory applications such as race-track memory. 9 However, the physics of the CIDWM is still unclear. There are controversies about the contribution of the adiabatic and nonadiabatic terms. [10] [11] [12] [13] Furthermore, there are many critical issues in CIDWM, such as a huge critical current density of ϳ10 12 A / m 2 , too slow DW velocity, a small movement distance, 14, 15 and stochastic motion of the DW. 6, 16, 17 Furthermore the huge density causes a serious Joule heating problem. [16] [17] [18] [19] On the other hand, FDDWM is accompanied by an expansion or shrinkage of the domains in order to minimize Zeeman energy so that a domain, which is antiparallel to the external field, will eventually disappear. Therefore, it is impossible to achieve a rigid domain motion with conventional FDDWM. However, the physics of FD-DWM has been well established; furthermore, there are no problems of heating, stochastic motion, and slow velocity.
Here, we present a scheme for DW movement in nanowire geometry by a nonuniform transverse magnetic field, which has all of the advantages of field driven DW movement with rigidity of the domain structure. 20 The motion for the DW under a nonuniform transverse field is studied by employing micromagnetic simulations. Furthermore, the micromagnetic simulations reveal that the two DWs simultaneously move in the same direction with a properly designed nonuniform transverse magnetic field so that the domain structure will remain after two DW movement. Figure 1 shows the basic idea of DW motion by a nonuniform transverse field. The magnetization direction of a head-to-head transverse Néel DW is represented approximately by the x direction, as shown in Fig. 1͑a͒ . If we apply an external magnetic field to the Ϯz direction, the domains are extended or shrunken due to the Zeeman energy. When we apply a uniform x-direction external field, there are small changes in the DW structure, the DW width will be varied, but there is no change in the DW position.
Here, let us apply a nonuniform magnetic field, H ជ ext ͑z͒ = H͑z͒x, as shown in Fig. 1͑d͒ . It is easy to understand that the DW configuration in Fig. 1͑b͒ has lower Zeeman energy than the configuration of 1͑a͒ due to the nonuniformity of the transverse magnetic field H͑z͒. That is the key idea of this study: the transverse Néel DW will move under a nonuniform transverse magnetic field depending on its magnetization direction. If the magnetization direction of the DW is in the opposite direction ͑not shown͒ to the external field, the transverse Néel DW will move to the left side in order to reduce the Zeeman energy, as shown in Fig. 1͑c͒ . Therefore, the direction of the DW movement solely depends on the magnetization direction of the DW and not on the magnetization of the domain itself. Therefore, we can move the DW to a specific place, where the system Zeeman energy is minimized. The DW parallel to the external field will move to the largest magnetic field position, while the antiparallel DW a͒ Electronic mail: cyyou@inha.ac.kr. will move to the smallest field position, respectively. If a domain has two DWs at its boundaries and the directions of the magnetization of two DWs are the same, we can move the domain itself, with a properly designed nonuniform magnetic field regardless of the magnetization direction of the domain itself.
In order to confirm our idea for the DW motion under the nonuniform magnetic field, we perform micromagnetic simulations with the object oriented micro-magnetic framework ͑OOMMF͒. 21 We consider a 10-nm-thick, 75-nm-wide, and 2-m-long Permalloy nanowire. The in-plane unit cell size is 2 nm, while the out-of-plane cell size is 10 nm. Initially, we place a transverse Néel DW at the center of the nanowire and apply a nonuniform transverse magnetic field H s ͑z͒ = H 0 / L͑z − z 0 ͒. We set z 0 at the left most end of the nanowire ͑z 0 =−1 m͒. H 0 / L is varied from 10 to 300 Oe/ m, while L is fixed at 2 m. For the DW motion memory applications, rigid domain motion is most important necessary condition. In order to show the simultaneous DWs motion for a single domain, we perform micromagnetic simulations as follow. A permalloy nanowire of 3-m-long, 100-nm-wide, and 10-nm-thick with a unit cell of 2 ϫ 2 ϫ 10 nm 3 with 20-nm-wide and 10-nm-height notches are considered. Each notch is placed with 500 nm interval. Initially, at the center of the nanowire, a 500-nm-long domain is located, as shown in Fig. 3͑b͒ . The magnetization directions of the two DWs are both +x. We can establish these directions with a small bias +x field during the writing procedure. 22 A nonuniform magnetic field H S,1 ͑z͒ and H S,2 ͑z͒ are applied during 0 ഛ t ഛ 1 ns and 1 Ͻ t ഛ 2 ns, sequentially. The details of H S,1 ͑z͒ and H S,2 ͑z͒ are depicted in Fig. 3͑a͒ . It must be mentioned that the detail shapes of a nonuniform field is not very important. The important points are the nonuniformity and the asymmetry of the field. The design of the nonuniform magnetic field is straightforward by a running current in an extra current wire. If we vary the distance between the current wire and the magnetic nanowire, it is not difficult to generate such kind of nonuniform magnetic field with a modern lithography technology. H S,1 has a maximum ͑minimum͒ value at +L / 2͑−L / 6͒ and H S,2 has a maximum ͑minimum͒ value at 0 ͑L / 3͒ shifts from each notch. We must emphasize that the gradients are different for the increment and decrement regions. If the DW are placed the minimum field, DW has an equal probability for both directions under a symmetric spatial variation. Therefore, the spatial distribution of the field must have an asymmetric spatial variation with small shift in order to ensure the directional movement. We also mention that H S,1͑2͒ ͑z͒ has finite rising and falling times to prevent unphysical abrupt applied field changes in this simulation. When H S,1 ͑z͒ is applied, the two DWs are depinned and move to the right side until they are place at the maximum field ͑z = 0 and +500 nm͒, where the system energy is minimized, as shown in Fig. 3͑c͒ . After they arrive at the energy minimum, H S,1 ͑z͒ is turned off and H S,2 ͑z͒ is applied, as shown in Fig. 3͑a͒ . DWs move to the next energy minimum ͑z = + 250 and +750 nm͒, where the next notches are placed, as shown in Fig. 3͑d͒ . With the above two step procedures, it is possible to establish a rigid domain movement with a nonuniform magnetic field.
In conclusion, we find that the transverse Néel DW moves to the energy minimum position under a nonuniform transverse magnetic field. The motion for the DW is confirmed by micromagnetic simulations. Since the direction of the domain movement only depends on the magnetization direction of the DW itself, a rigid domain movement is accomplished for a domain whose two DWs have the same magnetization direction. Present methods for the DW movement have superior advantages for a nonvolatile memory application. 
